man and associates7 found this relationship to be CBF -1.14 PV02 -10.0 for values of Pv02 between 20 and 80 mm Hg. Based on the equations of Wollman and Alexander and their associates7 8 for healthy subjects anesthetized with halothane, a relationship between Paco2 and PV02 can be derived, based on known alterations in CBF induced by changes in Paco2 This relationship is PV02 = 1.2 PacO2 -4.9.
This study was undertaken to test the validity of this derived relationship in anesthetized patients undergoing carotid endarterectomy. If this relationship could be demonstrated to apply equally well to elderly patients with cerebrovascular disease during clinical anesthesia, then PVo2 might provide a useful index of CBF under other clinical circumstances. Since the CBF of similar patients has been shown to change with PacO2 in approximately the same fashion as in healthy subjects,10-12 we anticipated this relationship could be demonstrated. Fazekas and Alman,13 however, reported that nine of 22 patients with cerebrovascular insufficiency exhibited no appreciable increase in CBF with inhalation of 5% CO 2 in contrast to a significant increase observed in the 13 other patients. In addition, Adams and associates12 reported a less than normal response to carbon dioxide in some patients with cerebrovascular disease.
Methods
Thirty-one studies were carried out in 29 patients who underwent reconstructive carotid artery surgery because of vascular disease. In two patients, both carotid vessels were repaired on separate occasions. There were 16 males (mean age, 65 years) and 13 females (mean age, 63 years); the ages of 29 patients ranged from 51 to 77 years (mean age, 63 years). Twelve 
00co 0-100 10 00K It 0 cOci 0 00 1 c c 1t 1-t-00 0C nO cc cO "It "i -tv M C-1 CD 11 co O 't co 10 "tt Cli 10 CD C co CT co It Irt11 t 't oo ce co 1 to operation and were discovered to have significant carotid obstruction on arteriographic examination for some other complaint. These were noted as clinical type 1 in table 1. Five patients had a history of transient ischemic attacks, but no frank strokes (type 2). Ten patients had completely or partially recovered from a stroke more than 8 weeks previously (type 3), and two patients were operated on shortly after a frank stroke (type 4).
All patients received either pentobarbital, meperidine, or morphine together with atropine or scopolamine 1 to 2 hours before operation. Anesthesia was induced with 200 to 400 mg of thiopental intravenously followed by 60 to 100 mg of succinylcholine to facilitate intubation of the trachea. Anesthesia was maintained with cyclopropane for seven operations, with halothane and oxygen for six, and with halothane in 50% nitrous oxide and 50% oxygen for 18. The electrocardiogram, bilateral frontoparietal electroencephalograms, and radial artery blood pressure determined by indwelling needle were monitored continuously on an oscilloscope. Patients were placed on a heated-water mattress to maintain normal body temperature during operation. Respiration was controlled by means of a mechanical ventilator. Minute volume of respiration was recorded from tidal volumes measured by a ventimeter and respiratory rates which were counted. An infusion of 0.2% succinylcholine was administered slowly to inhibit respiratory efforts and to permit hypoventilation for the planned use of hypercarbia as described by Wells and associates.14 The use of hypercarbia, however, was dictated by the clinical situation of each patient (hypertension, hypotension, bleeding, and depth of anesthesia).
A steady state of anesthesia was obtained by the time the carotid vessels and internal jugular vein were exposed and isolated. A polyethylene catheter was then inserted into the internal jugular vein and threaded as far cephalad as possible. Arterial and jugular venous blood were then sampled simultaneously, approximately 45 minutes after induction of anesthesia (pre-shunt sample). The exposed common carotid artery was then clamped for approximately 90 sec during which a temporary internal shunt was inserted. When the shunt had been functioning for 10 min, a second set of samples was simultaneously drawn (shunt sample). On completion of the carotid endarterectomy and patch angioplasty, the common carotid artery was again clamped for approximately 45 sec during which time the shunt was removed. The surgical technique has been described in detail by DeBakey and associates. 15 The mean duration of temporary shunting was 24 min (range, 14 to 34 min). Before closure of the wound when bleeding had ceased and blood pressure was stable, a third set of samples was ob-Circulation, Volume XXXIV, November 1966 tained, approximately 80 min after onset of anesthesia (postshunt sample). Postshunt venous samples could not be obtained in three patients because of clotting within the catheter. Each blood sample was drawn anaerobically into heparinized syringes and placed in ice slush. Po2, Pco2, and pH were measured within 30 min at 38 C. P02
was measured with a modified Clark electrode, Pco2 with a modified Severinghaus electrode, and the pH with a glass electrode. Mean arterial blood pressure was calculated by adding one third the pulse pressure to the diastolic pressure.
Since CBF decreases when systemic arterial pressure falls below a critical level,'6 the systolic blood pressure was maintained as constant as possible (range, 140 to 160 mm Hg) during anesthesia. Since the systolic blood pressure of 22 of the 29 patients was at or above this level before operation, no special measures were required in most patients. In others, the desired arterial pressure was obtained by rapid intravenous infusion of 5% destrose in Ringer's lactate solution or by hypoventilation to produce hypercarbia and hypertension, or by both means. In three patients vasopressors were used when manipulation of the carotid bifurcation led to marked reflex bradycardia and hypotension. Infiltration of the bifurcation with a local anesthetic agent together with intravenous administration of atropine prevented recurrence of reflex hypotension. The deliberate maintenance of mild hypertension accounts for the high mean arterial pressures noted in table 1.
Results
The data on all 29 patients are presented in table 1. The deliberate use of hypercarbia in some patients led to good variation in Paco2 values for the purposes of this study. In two patients (nos. 6 and 27) marked hypercarbia occurred during one sampling period and in one of these (no. 27), hypercarbia was associated with the appearance of premature ventricular contractions.
PacO2 values increased during the shunt period compared to pre-shunt period during 24 of the 31 operations. This reflects our desire to avoid hypocarbia and cerebral vasoconstriction during the shunt period. Conversely, Paco2 decreased from shunt to postshunt periods in 19 of 28 operations as a result of increased ventilation and deepened anesthesia to reduce arterial pressure and to control bleeding through suture lines. A decrease in mean arterial pressure in the postshunt period was successfully accomplished by only 13 operations.
Since 50% oxygen or more was inspired by all patients, Pao, values were greater than 100 mm Hg in almost all instances. Patients 7 and 28, however, had Pa 02 values less than 100 mm Hg at all three sampling periods without obvious cause. Neither patient suffered from pulmonary disease and neither was severely hypoventilated. As expected, Pao, values for patients receiving cyclopropane or halothane were generally higher than those who received halothane-nitrous oxide since cyclopropane was given with 70 to 90% oxygen and halothane with 95 to 99% oxygen. tionship is Pvo.,-1.08 Pae02 + 3.6. The slope is statistically significant (P < 0.01) with a standard error of + 0.14. This equation is remarkably similar to the one derived from the data of Wollman and Alexander and their as-sociates7' 8 for healthy subjects anesthetized with halothane: Pv., -1.20 PacO,-4.9, also plotted in figure 1 . Unfortunately the difference between these two curves cannot be tested statistically. The relationship between Pa C2 and Pvo,, was also analyzed according to the period of study, the anesthetic agents used, and the age of the patients. These relationships are summarized in table 2 and plotted as regression lines in figures 2 to 4. The regression coefficients for all equations were statistically significant at P < 0.05. There was, however, no significant difference between regression means or coefficients for the three curves within the three periods of study, the three anesthetics, or the three age groups when tested by covariance analysis.17 When tested in groups of three, significant differences for regression coefficients, but not for means, were obtained for anesthetic agents and age groups. However, on paired comparisons the slope of the halothane curve and the curve for the age group, 70 to 79 years, were not significantly different from the others.
The relationship between PacO2 and Pvo2 was examined in individual patients and a regression coefficient was calculated for each patient whose Pac,, values differed 5 mm Hg or more during the three periods of study. In the 14 patients so qualifying, all regression coefficients were positive and ranged from ±0.2 to +17 based on 3 points only. This suggested that all patients could respond to elevated PacO2 by an increase in CBF but that a wide range of responsiveness existed. In 11 of the 14 patients, however, the regression coefficient was between +0. 2 
and +2.7. Discussion
From their data in anesthetized healthy subjects, Wollman and associates7 suggested that measurement of PV02 might be useful for estimating CBF under clinical conditions, provided the cerebral uptake of oxygen was kept under the conditions of this study, namely, relatively light general anesthesia at normal body temperature in a patient group homogeneous for age and disease. PV02, therefore, provides a reliable index of CBF even in patients with cerebrovascular disease.
It is of interest that PV02 values which deviate most from the regression line are all higher than expected for the determined Pac0,2 rather than the converse (fig. 1 ). Errors in this direction would appear whenever venous samples were contaminated with room air during sampling or blood gas analysis. However, higher than expected Pvo2 values could also appear with arteriovenous shunting as might occur about a healing brain infarct.12 Of interest, therefore, are the four patients (nos. 4, 8, 13, and 25) who contributed the six values which deviate most from regression. Three of these four had had frank strokes in the recent or more distant past (clinical types 3 and 4). Relationship between PaC02 and Pv02 during administration of three types of general anesthesia: cyclopropane, halothane-oxygen, and halothane in 50% nitrous oxide and 50% oxygen. Neither the means nor the slopes of the three regression equations are significantly different from one another. Relationship between PaC02 and Pvo0 in 29 patients undergoing carotid endarterectomy and divided in three age groups. Neither the means nor the slopes of the three regression equations are significantly different from one another. maximum cerebral vasodilatation was already present at lower Paco2 values13 or that major obstruction of the great vessels to the cerebral circulation was present and limited total blood flow to the brain. Since values obtained during shunt in this study did not differ significantly from values obtained before or after shunt, it would seem that the shunt permitted sufficient volume flow to maintain a cerebral circulation which was responsive to Paco2. This is supported also by the fact that only one patient (case 2) developed neurological damage in the immediate postoperative period and this was the result of postoperative thrombosis of the carotid artery. This patient was promptly re-explored and recovered completely. Lyons and associates"8 suggested that the oxygen saturation of jugular venous blood (Svo29) obtained when the internal carotid artery was clamped for carotid endarterectomy provided an index of the adequacy of the extracranial collateral circulation to the brain. The basis for this recommendation was the well-known Fick principle applied to the cerebral circulation: CBF is inversely proportional to the arterial-internal jugular venous oxygen difference ( a-v02) if oxygen uptake of the brain is constant. Assuming 100% oxygen saturation of arterial blood, and the same level of hemoglobin in all patients, SvO2 should be directly related to CBF. When Svo, was less than 50%, Lyons and associates recommended the use of a shunt to maintain cerebral circulation during carotid endarterectomy. Clauss and associates'9 confirmed the observations of Lyons and associates'8 and both groups reported some patients who suffered neurological damage or symptoms when a shunt was not used and Sv0o fell below 50%. Both groups, however, measured jugular Pv0,, and then calculated Svo, from the oxygen dissociation curve corrected for temperature and pH. Our data indicate that this is an unnecessary transformation. Their criterion of 50% oxygen saturation can be translated into a Pv02 of 28 mm Hg at pH 7.39, which was the mean pH of internal jugular blood in our patients. It is of interest that only one of our Pvo2 values fell appreciably below 28 mm Hg. This was Cir u/lation, Volumc the slopes of both these curves are similar, they are much less than those reported by us and by the others cited. There is no obvious explanation for this, but it does appear to be a systematic error since the slope is low in both equations. In any case, their data support a relationship between CBF, PacO2, and PV02. Lambertsen and associates2' measured PV02 in healthy subjects breathing air or oxygen at 1.0 and 3.5 atmospheres. They found that even with Pao, values of 1,900 mm Hg, mean Circulation, Volume XXXIV, November 1966 Pvo2 was only 76 mm Hg. Pvo2, therefore, seems to be fairly independent of Pao2 values over a wide range, and thus, PV02 could provide a useful measure of CBF in a wide variety of clinical situations.
Summary
From published data which related cerebral blood flow (CBF) to arterial carbon dioxide tension (Pac02) and related CBF to internal jugular venous oxygen tension (Pvo2), the relationship PVo2 = 1.20 PacO2 -4.9 was derived. This relationship was based on the documented changes in CBF induced by alterations in Pac02 in normal man anesthetized with halothane. The validity of using PVo2 as a measure of CBF in clinical situations was tested in 29 anesthetized patients from whom 90 paired values of PacO2 and PV02 were obtained during reconstructive carotid artery surgery. A significant relationship, Pvo2 = 1.08 PacO2 + 3.6 was obtained over a wide range of PacO2 values, indicating that Pv02 was a reliable measure of CBF under these circumstances. No significant differences were found to result from the various anesthetic agents used, the age of patients, and the period of sampling. Samples obtained during the use of a temporary internal carotid artery shunt indicate that the shunt provides blood flow sufficient to maintain cerebral circulation normally responsive to hypercarbia.
